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ABSTRACT 
 
In recent years, GaN-based high-electron-mobility-transistors (HEMT) have demonstrated excellent high 
power and high frequency performance compared with counterparts based on other materials. Although 
AlGaN/GaN HEMTs are of great interest owing to the large band gap of GaN (3.4 eV), high breakdown field 
(~3.1 MV/cm), high saturation electron velocity (~2.5 × 10
7
 cm/s) and the presence of a high-mobility 
two-dimensional electron gas (2DEG) at the hetero-interface, the reliability of devices can be limited by a 
number of factors, impeding the way to commercialization. GaN HEMTs have demonstrated very good 
radiation tolerance. In this work, the radiation response and reliability issues of AlGaN/GaN HEMTs grown 
using molecular beam epitaxy (MBE) are studied. Devices subjected to 1.8 MeV proton irradiation and/or 
voltage stress are characterized via DC and RF measurements. Low frequency 1/f noise measurements are 
employed to help understand the defects that affect the reliability and radiation response of AlGaN/GaN HEMTs, 
and density functional theory (DFT) calculation is used to identify possible defect candidates. The 
temperature-dependent noise spectra show changes in defect distributions. Hydrogenated ON defects, Fe 
complexes and VGa-VN-Hx divacancies are some of the dominating defects limiting the device radiation response 
and reliability. The results of combined high field and radiation effects provide better insight into device 
response in practical space applications. 
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Chapter I  
 
Introduction 
 
Overview of GaN HEMTs 
 
In recent years, GaN-based high-electron-mobility-transistors (HEMT) have demonstrated excellent high 
power and high frequency performance compared with counterparts based on other materials. Although 
AlGaN/GaN HEMTs are of great interest owing to the large band gap of GaN (3.4 eV), high breakdown field 
(~3.1 MV/cm), high saturation electron velocity (~2.5 × 10
7
 cm/s) and the presence of a high-mobility 
two-dimensional electron gas (2DEG) at the hetero-interface, the reliability of devices can be limited by a 
number of factors, impeding the way to commercialization [1]. In this work, the radiation response and 
reliability of AlGaN/GaN HEMTs grown using molecular beam epitaxy (MBE) are studied. Devices are 
characterized electrically and/or subjected to 1.8 MeV proton irradiation and/or voltage stress at different 
temperatures. 1/f noise measurements are employed to help understand the defects that affect the reliability and 
radiation response of AlGaN/GaN HEMTs. Small-signal characterization is also performed before and after 
irradiation/stress. To provide better insight to practical space applications, combined high field and radiation 
effects are investigated systematically. 
People are making progress on GaN devices all over the world. Table 1.1 lists the material properties of 
GaN compared to other competing materials [2][3]. The first GaN HEMT was introduced in 1993 [4]. Based on 
wide bandgap material, GaN HEMTs have attracted lots of interest and are very promising for high frequency, 
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high power applications. 
Due to a large breakdown electric field of 2 MV/cm [5], GaN devices can be easily applied in commercial 
systems without stepping down the operating voltage, which reduces the cost of voltage conversion. Thanks to 
the strong chemical bonds in the semiconductor crystal, GaN HEMTs and other GaN-based devices are also 
desirable for operations under high temperature and radiation exposure (Fig. 1-1). 
 
Table 1.1. The materials properties of GaN compared to competing materials (after [3]). 
Material μ (cm2/Vs) ε Eg (eV) Tmax ( °C) 
Si 1300 11.4 1.1 300 
GaAs 5000 13.1 1.4 300 
SiC 260 9.7 2.9 600 
GaN 1500 9.5 3.4 700 
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Fig. 1-1 GaN HEMTs performances compared with Si and GaAs (after [6]). 
 
The heterojunction under the gate and the two-dimensional electron gas (2DEG) play very important roles 
in the operation of HEMTs. A high 2DEG sheet density is essential in HEMT design. In traditional GaAs- and 
InP-based HEMTs, the barrier layer is n-doped and the donors are the sources of the 2DEG electrons. In GaN 
HEMTs, spontaneous and piezoelectric polarization contribute to a large interface sheet charge at the 
heterojunction. Both AlGaN and GaN have strong spontaneous polarization, with larger polarization in AlGaN 
than in GaN [7]. Since the lattice constant of bulk AlGaN is smaller than that of GaN, the AlGaN layer is under 
tensile strain, which brings in another polarization component, known as piezoelectric polarization. Due to the 
effects of polarization, a 2DEG with high sheet density can be achieved at the AlGaN/GaN heterojunction 
without intentional doping, which is a unique feature of GaN HEMTs [3][8]. 
 
Molecular Beam Epitaxy Growth of GaN Devices 
 
One of the most powerful techniques for growing GaN-based HEMT epi-structures is molecular beam 
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epitaxy (MBE). High-quality growth via plasma-assisted MBE (PAMBE), ammonia-based MBE (NH3-MBE) 
and metal-organic chemical vapor deposition (MOCVD) provide advantages of low on-resistance and high 
output power, ensuring great high-power high-frequency performance [8]. MOCVD growth is more attractive 
for industry, due to its higher growth rate. The growth rate of III-N MBE is around 0.5 ~ 1 μm/h, relatively 
lower than that under MOCVD growth [9]. The advantage of MBE growth is that it offers heterostructure 
growth with precise definition of interfaces, low point defect concentration, and very low carbon and hydrogen 
impurity concentrations. Based on the nitrogen sources used for growth, the GaN MBE research has divided into 
two camps, i.e., using a nitrogen plasma source or an ammonia source. Each technique has its own advantages 
and shortcomings. 
PAMBE generally involves precisely controlled, low-temperature Ga-rich growth, though 
high-temperature N-rich PAMBE growth has also been developed. [10] At lower temperatures (550 ℃ to 
800 ℃), the PAMBE technique can achieve atomically flat surfaces under Ga-rich growth conditions. However, 
it usually needs to grow on high quality GaN templates by MOCVD to achieve the best results. Two main issues 
of Ga-rich PAMBE are the need for precise temperature control at the boundary of the Ga-droplet regime and 
the high density of leakage pathways, which are supposedly formed through highly conductive Ga-decorated 
threading dislocations (TDs). These two main issues can be circumvented by growing GaN slightly N-rich at 
high-T, beyond the GaN decomposition temperature (~750 ℃). Though the leakage current of high-temperature 
N-rich PAMBE is far less than Ga-rich PAMBE, the relatively poor 2DEG characteristics may be the result of 
interface roughness scattering and compensating defects associated with high TDD [11]. 
Much like PAMBE, growth by NH3-MBE is performed under an environment with very low carbon and 
hydrogen content. In NH3-MBE, active nitrogen is introduced to the growth surface through NH3, which is then 
6 
 
thermally cracked and incorporated. The NH3-MBE technique grows at higher temperatures compared with 
PAMBE techniques, i.e., 800 ℃ to 900 ℃, and readily obtains high electron mobility GaN layers on sapphire 
and SiC substrates. The NH3-MBE growth technique is developed to achieve a method combining a 
low-impurity, ultrahigh vacuum environment with the higher growth rates of MOCVD. The growth rate of 
NH3-MBE is greater than Ga-rich PAMBE, which is higher than 500 nm/h. Due to a larger wider growth 
window (Ga/N = 0.001), tight temperature control is not that important in NH3-MBE growth.[13]  
 
 
Reliability Issues of GaN HEMTs 
 
In addition to the device performance, reliability is the highest priority issue to be addressed for mass 
production. GaN HEMTs are currently popular candidates for power microwave amplifiers, which are typically 
operated at very high drain-source voltages. Various degradation mechanisms of GaN HEMTs have been 
reported in previous research [1]. For high power and high voltage applications, hot electron-induced 
degradation in peak transconductance and saturation current is an issue when devices are operated under high 
electric fields. The semi-ON bias condition is typically the worst case for hot-carrier stress [1][14]-[17]. At high 
bias levels, devices are subjected to electrical stress, leading to electron trapping at interface traps, in the AlGaN 
barrier layer, and/or in the GaN buffer layer. The applied high voltage stress can degrade the electrical 
characteristics such as the saturation drain current IDsat, the maximum transconductance gm, and the threshold 
voltage VTH [2][15][16]. Current collapse has been observed in almost all AlGaN/GaN systems [18][19]. Due to 
the low thermal conductivity of the substrate, self-heating effects can lead to negative output conductance under 
high current conditions. Long-term reliability is studied by many groups, especially under high temperatures (> 
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150 ℃). The experiments were performed under different test conditions, such as voltage, current and 
temperature. The value of MTTF (mean time to failure) is on the order of 1×10
6
 to 10
7
 hours, with a calculated 
activation energy of ~ 2 eV [20]-[23]. Electrical stress also leads to degradation of RF performance. By 
small-signal S parameter measurement, degradations in current gain and unity gain frequency fT are observed.  
 
Radiation Effects on GaN HEMTs 
A variety of effects in the characteristics of GaN HEMTs system can occur after radiation exposure 
including shifts in pinch-off voltage, mobility degradation and increase in junction leakage and noise. Due to the 
higher surface state density in GaN, and usually the absence of a gate or parasitic dielectric layer, ionization 
effects are less important compared to silicon-based MOS devices [24]-[31]. Moreover, the insertion of buffer or 
capping layers isolate surface trapping from the active region of the devices. Therefore, most research shows 
that displacement damage is more dominant than ionization effects in AlGaN/GaN HEMTs. 
The threshold energy for a specific material can be determined by measuring the energy dependence of 
displacement damage. It has been found that the minimal and average energies of defect formation are much 
higher than average recoil energies [32][33], which suggests that the degradation after irradiation is hard to 
explain only by the displacement of atoms from a perfect lattice. Previous proton irradiation studies at different 
energies [34]-[42] suggest that GaN-based devices are extremely radiation hardened and proton energy has a 
strong effect on the amount of damage created in the 2DEG of the HEMT because of differences in nonionizing 
energy loss. 1.8 MeV protons are commonly used to assess displacement damage in GaN HEMTs, due to much 
larger non-ionizing energy loss than higher energy protons.[31][45] In this work, the radiation response of GaN 
HEMTs is evaluated with 1.8 MeV protons. 
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Overview of Dissertation 
 
This dissertation will focus on the defects that result in degradation during proton irradiation and during 
electrical stressing of AlGaN/GaN HEMTs. We employ DC and AC measurements to parameterize the device 
degradation, and perform low-frequency 1/f noise measurements to help identify crystallographic defects.  
Chapter II provides the background of this dissertation, including proton-induced damage, reliability issues 
of GaN HEMTs and the theory of low frequency 1/f noise. The device information and measurement techniques 
are also introduced in Chapter II. Commercial parts from Qorvo are also tested and compared with devices 
fabricated at the University of California Santa Barbara (UCSB).  
In Chapter III, the responses of devices to proton irradiation with all pins grounded are characterized 
systematically. To obtain deeper understanding of defect formation during the irradiation, low frequency noise 
measurement results are discussed in Chapter IV. 
After long-term hot electron stress, threshold voltage shifts show opposite polarities for Ga-rich and 
ammonia-rich devices, suggesting different dominating defects. The high field effects of both devices are 
investigated and compared with commercial parts in Chapter V. 
The combined radiation and high field effects are discussed in Chapter VI. Three different biases (OFF, 
GND and semi-ON) are applied during the irradiation. Semi-ON stress before/during irradiation greatly 
enhances the degradation, which provides insight to space applications. 
The last chapter provides a summary and conclusions of this work. 
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Chapter II 
 
 Background 
 
Introduction 
 
In this dissertation, proton irradiation and hot carriers introduce defects in GaN HEMTs, therefore 
degrading the device performance. In this chapter, previous work on radiation effects, particularly 
displacement damage and failure mechanisms of GaN HEMTs, are discussed in order to provide 
context for this work. Low frequency 1/f noise, as a diagnostic tool, is also introduced in this chapter. 
The last part of this chapter introduces the device structure and the measurement setup of this work. 
 
 Displacement damage on GaN HEMTs 
 
The radiation hardness of GaN-based devices exposed to energetic particles that produce 
displacement damage is about one order of magnitude higher than for competitors like AlGaAs/GaAs 
HEMTs, as a consequence of higher binding energy in GaN. A higher binding energy translates to a 
reduced introduction rate of primary radiation defects. The energetic particles in space causing 
permanent damage in electronics include protons, electrons and heavy charged particles. A variety of 
effects in the characteristics of GaN HEMTs system can occur after radiation exposure: 
(1) Shift in pinch-off voltage 
(2) Increase in junction leakage 
10 
 
(3) Mobility degradation 
(4) Increase in noise 
Several different physical processes are involved when these energetic particles interact with 
semiconductor devices. The first process is ionization, when charged particles interact with target 
materials and create electron-hole pairs. The second process is displacement damage when an incident 
particle transfers enough energy to move the target atom from its normal lattice position to another 
position, creating a vacancy in the lattice. 
The ionization process results in the generation of defects, with the defect creation rates 
depending on sample quality and doping level [24]-[26]. Significant degradation of AlGaN/GaN 
HEMTs was observed only after a γ-ray (60Co) dose of many tens or even hundreds of Mrad(Si) 
[27][28]. Devices show a negative shift in threshold voltage, which is dominated by an increase in trap 
density. Other experiments [29], [30] and [31] with similar results suggest that damage due to particle 
irradiation is of much more concern in GaN-based devices, which are more sensitive to displacement 
damage than ionization effects. 
The minimal energies to remove a Ga or N atom from a perfect lattice are measured as 18 eV for 
Ga and 22 eV for N, with the average displacement energies much higher, 45 eV for Ga and 109 eV for 
N [32][46]. The average thresholds are much higher than the average recoil energies (less than 20 eV 
[33]), which suggests that the degradation after irradiation is hard to explain only by the displacement 
of atoms from a perfect lattice. Various processing technologies employ different surface and layer 
growth, which leads to different degradation responses to both proton irradiation and electrical stress. 
These as-processed defects dominate the radiation response and reliability issues of GaN HEMTs, as 
discussed in detail in the following chapters. 
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Proton damage and annealing effects in GaN/AlGaN HEMTs were initially investigated by Cai. et 
al. [47]. The dc current and transconductance decreased from 260 to 100 mA/mm and from 80 to 26 
mS/mm, respectively, after devices were irradiated to a 1.8 MeV proton fluence of 10
14
 p/cm
2
. The 
room temperature annealing was not significant until the temperature was raised to over 600 ℃ (Fig. 
2-1), suggesting lattice strain may play a role in annealing at very high temperature. 
 
 
Fig. 2-1 Transconductance and saturation current of the HEMT vs. annealing temperature 
at Vds = 10 V, and Vg = 0.5 V. Before irradiation, gm0 = 80 mS/mm, Ids0 = 260 mA/mm. (after 
[47]). 
 
Similar proton irradiation studies at different energies ([34]-[40]) suggest that GaN-based devices 
are extremely radiation hardened and proton energy has a strong effect on the amount of damage 
created in the 2DEG of the HEMT because of differences in nonionizing energy loss [41][42]. 
To understand the effects of radiation species in space environments, Sonia et al. [43] irradiated 
devices with 2 MeV protons, carbon, oxygen, iron, and krypton ions with fluences ranging from 
12 
 
1×10
9
/cm
2
 to 1×10
13
/cm
2
. Hu et al. [31] evaluated the energy dependence of proton-induced 
degradation at 1.8, 15, 40, and 105 MeV. Maximum transconductance and saturation current reductions 
were obtained at 1.8 MeV energy and fluences of 10
12
/cm
2
, due to much larger non ionizing energy 
loss. 
Roy et al. studied the 1.8-MeV proton radiation response of GaN HEMTs fabricated under 
Ga-rich, N-rich and NH3-rich conditions. Positive shifts in pinch-off voltage were obtained in all three 
kinds of devices and N vacancies were suggested to be responsible for an increase in 1/f noise after 
irradiation [38][44]. N vacancies and divacancies can be generated during the irradiation. At the 
operating bias condition, these acceptor-like traps were negatively charged, leading to the positive shift 
in Vth. Fig. 2-2 shows the formation energy of N vacancies a function of the position of the Fermi Level 
in the band gap of AlGaN, while under operating bias conditions, the Fermi level is 1.2 eV below EC. 
The slopes indicate different charge states, and the change in slopes, one of which is pointed out in the 
figure, identifies a potential trapping level at a particular energy.  
 
 
Fig. 2-2. Formation energy of N vacancies as a function of the position of the Fermi level 
in the band gap of AlGaN. (after [38]) 
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Proton Irradiation Setup in this dissertation: 
AlGaN/GaN HEMTs were irradiated with 1.8 MeV protons to a maximum fluence of 1×10
14
 cm
-2
 
using the Vanderbilt Pelletron facility. The proton irradiation effects are firstly investigated with all 
terminals grounded during irradiation (Chapter III). In Chapter VI, as combined high-field and 
radiation effects are considered, the devices are irradiated at three different biases (GND, OFF and 
semi-ON), which will be introduced in detail in Chapter VI. The proton energy is chosen for large 
non-ionizing effective loss (NIEL), and 1×10
14
 cm
-2 
is a very high particle fluence [48], compared to 
realistic space environments. The irradiation is performed at room temperature. DC, RF and 1/f noise 
measurements are taken before and after exposure. The damage to the devices is stable, as little 
annealing was observed at room-temperature. 
 
Reliability Study on GaN HEMTs 
 
Due to its high breakdown voltage, GaN HEMTs can operate in conditions that are not readily 
realizable with other device technologies. Since 2004, commercial GaN HEMTs have started to appear 
on the market, targeting the low-frequency, high efficiency end of the market. With the development of 
GaN HEMTs, achieving a high level of reliability and stability with high-performance operation 
becomes one of the greatest challenges [49], which requires a better understanding of failure 
mechanisms of GaN HEMTs. 
 
Temperature-activated degradation: 
Due to their wide band-gap and chemical stability, high-temperature applications are one of the 
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distinctive advantage of GaN HEMTs. The reliability and performance under high-temperature 
conditions have been studied often [50]. GaN HEMTs appear to provide stable device performance at 
room temperature (with junction temperatures up to ~150-200 ℃) [51]. Standard metallizations 
(Ti/Al/Pt/Au ohmic contacts and Pt/Au Schottky contacts) were investigated by Chou et al. [52]. The 
stability of 0.25-μm AlGaN/GaN HEMTs was evaluated for devices subjected to step-stress for 48 
hours up to 400 ℃ junction temperature. Though the HEMTs degrade significantly above 300 ℃, the 
morphology of the metal contacts still provides good stability, pointing to material defects as the main 
limiting factor for high-temperature reliability. Thermal stabilities of other metallizations [53]-[58] also 
indicate that “gate sinking,” which is one of the major failure mechanisms of GaAs MESFETs and 
HEMTs, appears not to be problem for GaN HEMTs. The long-term reliability of AlGaN/GaN HEMTs 
is less likely to be limited by temperature-activated wear-out than by the electrical degradation 
phenomena. 
 
Reverse-bias (OFF-state) degradation: 
GaN and AlGaN are both strongly piezoelectric materials. Large electric fields between the gate 
and drain can modify the strain configuration in the layer structure. For OFF-state accelerated tests 
with negligible channel currents, the existence of a failure mechanism accelerated by the electric field 
only has been reported, resulting in trap generation and charge trapping. Reductions in IDSS, gm and 
increase in the drain resistance and in the gate leakage current were found by Joh and del Alamo 
[16][59], who demonstrated that the electric field in the gate-drain region would increase the strain in 
the AlGaN/GaN heterojunction, which is also identified as the “inverse piezoelectric effect.” 
Simin et al. [18] reported that the gate field increases the tensile strain under the gate and 
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decreases it on the gate sides, thereby lowering the piezoelectric charge and increasing the parasitic 
resistance. It was also found via micro-Raman spectroscopy [60] that very large strain exists in the 
gate-drain surface area and the strain increases with drain-gate bias. In other work [16][17], it was 
reported that defects may form through relaxation of this inverse piezoelectric strain. The critical 
gate-drain voltage that triggers this effect is around VGD ~ 20 to 30 V for the tested devices, showing a 
permanent increase in gate leakage current.  
The negative influences from inverse piezoelectric effects and pre-existing strain provide 
motivations for research on InAlN barrier layers, for potential future device applications. In [61] it was 
shown that InAlN/GaN HEMTs can achieve high breakdown voltage, low leakage current and high 
temperature operation.  
Other mechanisms can also affect the reliability of GaN devices under OFF state bias. As the field 
increases, the vertical breakdown of the AlGaN layer can cause a leakage path between the gate and 
GaN buffer layer. Moreover, the electrons injected from the gate due to trap-assisted tunneling can 
achieve very high energies, therefore damaging the semiconductor surface and interfaces and inducing 
traps [62]. 
 
Hot electron degradation: 
Degradation due to hot electrons is one of the most significant failure mechanisms of GaN 
HEMTs, which are typically operated at very high drain voltages. Hot electrons can generate traps, 
leading to degradation including current collapse and gate-lag; they may also be trapped on the device 
surface, in the AlGaN or in the buffer, giving rise to reversible degradation of IDSS and gm [63]-[74]. In 
order to evaluate hot carrier effects in GaN HEMTs, electroluminescence (EL) microscopy and 
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spectroscopy are introduced as a powerful failure analysis tool [1][75]-[77]. EL intensity is a good 
indicator of the hot electron concentration in GaN HEMTs. Fig 2-3 shows EL micrographs for two 
conditions: (a) ON state and (b) close to pinch-off. The false colors in Fig 2-3(a) show that the 
emission is evenly distributed along the channel, and in Fig 2-3(b) the preferential emission sites are 
observed due to the contribution to EL of electrons injected from the gate into the channel. 
 
 
(a) 
 
(b) 
Fig. 2-3 (a) EL micrograph under ON state. (b) EL micrograph close to pinch-off. (After 
[1]). 
 
 The EL intensity is plotted as a function of gate bias in Fig 2-4. The parabolic response shows 
three bias regimes. On the left side, where gate bias is very close or smaller than pinch-off, negligible 
current with high electric field is observed, suggesting low hot-electron density. In the middle part, 
medium current with medium electric field is observed. The peak of the bell-shaped curve suggests 
fairly high hot electron density at that regime, which is the so-called “semi-ON” region. On the right 
side, when the device is fully ON, high current and lower electric field is observed, while achieving 
low hot electron density. To better assess hot electron induced degradation with a fixed VDS, it is of 
great significance to set the gate bias in the semi-ON region, which is often found to be the bias 
condition for which the most degradation occurs.  
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Fig. 2-4 EL intensity as a function of gate bias at various of drain voltages. (After [1]). 
 
 
 Low Frequency 1/f Noise 
 
Many physical systems exhibit spontaneous fluctuations (noise), which contain a large amount of 
information about a system and its interaction with the surrounding environment. When a constant bias 
is applied to a semiconductor device, the current will show fluctuations, and the spectral density varies 
over a large range of frequencies. Two sources of current-induced noise are frequently observed. At 
high frequencies, the noise is white, and results from a combination of shot noise and Johnson noise. 
However, at sufficiently low frequencies, the noise is proportional to 1/f 
α (with typical value of α close 
to 1). This noise is known as 1/f noise, pink noise, or flicker noise. 
There are a variety of mechanisms that have been considered to be responsible for noise in the 
intrinsic HEMT, e.g., carrier velocity fluctuation, gate leakage, and traps [78][79]. The velocity 
fluctuation corresponds to the thermal noise and the gate leakage noise is associated with electron 
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injection into the channel over the gate Schottky barrier, which is frequency independent. Here we 
consider the effects causing by trapping of electrons in interface traps (located at the AlGaN/GaN 
interface), which leads to a 1/f dependence [85]-[87]. The excess drain-voltage noise power spectral 
density SV is proportional to
-f  , with   value close to unity [38][81][82]. 
Dutta and Horn [84] have shown that noise magnitude of metal films typically has a strong 
temperature dependence. They also demonstrated that the temperature dependence of the 1/f noise is 
often due to a thermally activated random process with a distribution of activation energies, which 
varies with temperature. 
 
Low frequency 1/f noise measurement setup: 
In this work, low frequency 1/f noise is measured for AlGaN/GaN HEMTs, before and after 
radiation/stress. The excess noise measurements were performed when the devices were biased in the 
linear regime, supplied by a HP 4140B constant voltage supply. A resistor is connected to the drain 
terminal for protecting and adjusting the drain bias. The gate voltage is adjusted so that the noise 
originates from the gated portion of the channel. The drain voltage noise is then amplified using a 
low-noise amplifier SR 560 and the power spectral density was calculated by a SR 760 spectrum 
analyzer, across a frequency span from 3 Hz to 390 Hz.  
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Fig. 2-5 Low frequency 1/f noise measurement setup. (after [83]) 
 
Device Information 
 
AlGaN/GaN HEMTs were fabricated on AlGaN/GaN heterostructure layers grown by molecular 
beam epitaxy (MBE) on 4H-SiC substrates at the University of California, Santa Barbara. Commercial 
parts with similar structure from Qorvo Inc. are also investigated and compared with the 
university-fabricated devices. 
A schematic cross-section of a GaN HEMT is shown in Fig 2.6(a), and the top view of the device 
is shown in Fig 2.6(b). Devices are mounted in a high-speed package for RF and low frequency noise 
measurements (after [85], shown in Fig 2.6(c)). The MBE growth of the AlGaN/GaN heterostructures 
was performed under Ga-rich and NH3-rich conditions. PAMBE growth traditionally occurs at lower 
temperatures in a Ga-rich environment. NH3-rich growth traditionally occurs at higher temperatures in 
excess NH3 which pyrolizes on the growth surface [86] [87]. For each process type, the devices under 
test are 150 µm wide. The gate length of the samples is 0.7 µm; LGD = 1 µm and LGS = 0.5 µm. The 
2DEG lies below the AlGaN layer and a buffer layer of AlN separates the GaN and the SiC substrate. 
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(a) 
 
(b) 
 
(c) 
Fig. 2-6 (a)Schematic cross-section of an AlGaN/GaN HEMT. (after [91]) (b) Topview of 
DUT. (c) High-speed package (after [85]). 
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Experiment Setup and Measurement Techniques 
DC Measurement Example: 
The DC characteristics are measured with HP 4156B and Agilent B1505 parameter analyzers. Fig. 
2.7 shows the DC characteristics for a typical Ga-rich GaN/GaN HEMTs. In Fig. 2-7(a), Id-Vd curves of 
AlGaN/GaN HEMTs are shown. Vgs starts from Vth, with Vgs steps = 1 V. Vds is swept from 0 to 10 V. 
The saturation current is around 120 mA at Vg-Vth = 4 V, corresponding to a current density of 800 
mA/mm. Fig. 2-7(b) shows the Id-Vg characteristics, with a pinch-off voltage of -3.41 V here. For other 
HEMTs in this thesis, it varies from -3 to -5 V. The gate length is 0.7 µm, corresponding to a gate 
leakage current density of ~2 mA/mm around pinch-off (Fig. 2-7(b)). Qorvo parts show an original 
threshold voltage around -3 V and a drain current 4-5 times larger. 
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(b) 
Fig. 2-7 DC characteristics: (a) Id-Vd, (b) Id-Vg (left) and Ig-Vg (right) of GaN/AlGaN 
HEMTs. 
 
RF Measurement Example: 
The RF performance was characterized from 100 MHz to 20 GHz in a high speed package [85] 
(Fig. 2.6 (c)), using an Agilent N5245A network analyzer. Calibration was performed before testing, 
followed by a two-step de-embedding procedure under short and open circuits for all the data analysis 
[87]. Open and short patterns were used to subtract the effects of parasitic pad capacitances and 
inductances from the measured S-parameters [85], [89]. 
Measurement/bias conditions may change due to different research interests and device properties 
(e.g. Sensitive and fragile parts cannot be measured under high Vd bias). The detailed measurement 
condition for each section will be introduced separately in more details. 
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Chapter III 
 
 Radiation-induced Degradation on GaN HEMTs 
 
Introduction 
 
In space environments, energetic particles incident on semiconductor devices lose their energy to 
ionizing and nonionizing processes as they travel through the devices. The energy loss causes the 
production of electron-hole pairs (ionization) and displaced atoms (displacement damage).  
Most previous studies of radiation effects of GaN HEMTs suggest significant radiation tolerance 
and ionizing damage is less important compared to displacement damage. Due to higher surface state 
density, much higher total dose levels are required to affect the interface-trap density. Moreover, in 
many AlGaN/GaN HEMTs, there is no oxide or other insulators at the gate or anywhere else in the 
structure. Therefore, little TID degradation would be expected [48]. In this chapter, the 
radiation-induced degradation is focused on 1.8 MeV proton irradiation with all pins grounded. 
 
 Experiment Design & Setup  
 
The radiation effects on DC and RF performance of GaN HEMTs are studied in this section. The 
fluence of 1.8 MeV proton steps from 11012 to 11014 protons/cm2. All pins are grounded during the 
irradiation, and DC/RF measurements are taken soon after the proton beam is turned off. Multiple 
times of measurements are taken for average, without finding significant changes between run to run.  
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DC sweep is measured at drain bias from 0 to 1V with step of 0.2 V. The peak transconductance is 
the maximum first derivative (slope) point of the Id-Vg curves; the threshold voltage reported below is 
the gate-voltage axis intercept of the linear extrapolation of the Id-Vg curve at that point The peak 
transconductance is then normalized to the value before irradiation, to cancel the sizing variations from 
part to part. 
RF measurements are taken at semi-ON condition, with drain bias at 5V and gate bias close to 
pinch-off. Frequency ranges from 10 MHz to 20 GHz, with sampling points of 400, minimum signal 
level -15 dB. The system is calibrated at the same temperature and connections as irradiated beforehand. 
AC signals from gate and drain terminals are connected to the two channels on the PNA (parameter 
network analyzer) via high-quality bias-tees (while DC signals connected to parameter analyzer). 
Source terminals are grounded. 
Temperature is not controlled intentionally, assuming room temperature of 300K is applied 
according to lab environment. 
At least 5 devices with similar trends are studied and analyzed. The figure in this sections show 
the device that performs closest to average. 
 
 DC Measurement after Proton Irradiation 
 
Previous proton irradiation studies ([34]-[40]) suggest that GaN-based devices are extremely 
radiation hardened and proton energy has a strong effect on the amount of damage created in the 2DEG 
of the HEMT. In this work, both Ga-rich PAMBE and ammonia MBE AlGaN/GaN HEMTs were 
subjected to 1.8 MeV proton irradiation and the DC, RF characteristics before and after radiation 
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exposure were measured to show the proton-induced degradation.  
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(b) 
Fig. 3-1 ID-VG curves for (a) Ga-rich and (b) N-rich devices, before and after proton 
irradiation. Fluences are quoted in protons/cm
2
. (after [91]) 
 
Fig. 3-1 shows the ID-VG characteristics of AlGaN/GaN HEMTs grown under (a) Ga-rich and (b) 
ammonia-rich conditions, before and after irradiation. A positive shift in pinch-off voltage Vpinch-off with 
increasing fluence is shown for each device type in Fig. 3-2, indicating the creation of acceptor-like 
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traps by proton bombardment. These have been attributed in previous work to an increase in N 
vacancy-related defects [38]. After a fluence of 1×10
14
 cm
-2
, the pinch-off voltage shift is 0.27 ± 0.03 V 
for both device types. The on-state current decreases after irradiation in Fig. 3-1, suggesting that proton 
irradiation creates deep acceptor traps. 
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Fig. 3-2 Changes in pinch-off voltage as a function of proton fluence for Ga-rich and 
ammonia-rich AlGaN/GaN HEMTs. (after [91]) 
 
Fig. 3-3 shows the peak transconductance of the Ga-rich and NH3-rich devices as a function of 
proton fluence. The peak transconductance of the Ga-rich HEMTs drops by an average of ~12%, while 
that of NH3-rich devices drops by only ~2%. This result is somewhat surprising, since approximately 
similar shifts in Vpinch-off are observed in Fig. 3-2 for the two device types, and there is clearly a decrease 
in on-current for each of the device types in Fig. 3-1. 
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Fig. 3-3 Changes in normalized peak transconductance as a function of proton fluence. 
(after [91]) 
 
We examine the full transconductance curves as a function of VG - Vpinch-off in Fig. 3-4. For the 
Ga-rich devices, there is a decrease in transconductance with proton irradiation at all values of VG - 
Vpinch-off, but for the NH3 rich devices, the transconductance increases for VG - Vpinch-off < 0.5 V, but 
decreases at higher values of VG - Vpinch-off. Because the transconductance degradation is related to 
defect scattering, and because the occupancy of charged defect sites can vary significantly with applied 
gate voltage [44], [92]-[84], these results suggest that, despite the similarities in Vpinch-off shifts in Fig. 
3-1, there are different defect densities and energy distributions in irradiated Ga-rich and NH3-rich 
devices. This conclusion is reinforced by detailed studies of the low frequency noise below. 
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 (b) 
Fig. 3-4 Changes in normalized peak transconductance as a function of VG - Vpinch-off, for 
(a) Ga-rich and (b) ammonia-rich devices. (after [117]) 
 
Fig. 3-5 shows the IG-VG characteristics for both types of devices, before and after irradiation. Little 
change in forward gate current is observed after a proton fluence of 1×10
14
 cm
-2
, indicating that the 
Schottky barrier height of the gate contact does not degrade much during the irradiation. The reverse 
gate leakage decreases with increasing fluence for both device types. Thus, gate leakage does not play 
a significant role in the degradation of these devices with proton irradiation. 
29 
 
-5 -4 -3 -2 -1 0 1
10
-11
10
-10
10
-9
10
-8
10
-7
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
V
ds
 = 0.2 V
L = 0.7 m
W =150 m
Ga-rich 
 
 
 pre
 5E12
 1E13
 5E13
 1E14
G
a
te
 c
u
rr
e
n
t 
(A
)
Gate Voltage (V)
pre-irradiation data
 
(a) 
-6 -5 -4 -3 -2 -1 0 1 2
10
-13
10
-12
10
-11
10
-10
10
-9
10
-8
10
-7
10
-6
10
-5
10
-4
10
-3
10
-2
10
-1
10
0
V
ds
 = 0.2 V
L = 0.7 m
W =150 m
 
 
NH
3
-rich 
G
a
te
 C
u
rr
e
n
t 
(A
) 
Gate Voltage (V)
 pre
 5E12
 1E13
 4.8E13
 7E13
 1E14
pre-irradiation data
 
(b) 
Fig. 3-5 IG-VG curves for (a) Ga-rich and (b) N-rich devices, before and after irradiation. 
(after [91]) 
 
Small Signal Responses 
 
Small-signal scattering parameters (S-parameters) were measured for devices in high speed packages 
[85][88][89] before and after irradiation. The levels of S parameters show strong toggle with bias 
conditions, both gate and drain biases. Positive S21 value are observed at semi-ON condition, and the 
maximum of S21 increase with drain bias significantly at moderate ranges (<25V). After irradiation, 
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changes are observed on each S parameters, as shown in Fig. 3-6. For better observation, in the 
following measurement, drain bias is set to 5 V and gate bias is chosen to reach the maximum S21 value 
before irradiation. 
 
(a) 
 
(b) 
Fig. 3-6 S parameters measurement (a) before and (b) after irradiation on NH3-rich 
devices.  
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Of particular interest, |S21|
2
 represents the forward power gain of the transistor, so any significant 
change in S21 is a convenient measure of RF performance degradation. The small-signal current gain 
(|h21|) is calculated from the measured S-parameters via [94]: 
12
21
11 22 12 21
2
(1 )(1 )
S
h
S S S S

  
 
 After irradiation, the values of |S21| measured at Vd = 5 V and Vg = 0 V decrease for both device 
types, as shown in Fig. 3-7. The value of |S21| of Ga-rich devices decreases by 0.7 dB, which indicates 
that the output voltage drops by 7.8% after irradiation, thus reducing the power gain |S21|
2
 by 15%. The 
reduction in |S21| is 0.8 dB, corresponding to an ~8.8% reduction in output voltage, and ~17% reduction 
in output power. The percentage reduction in |S21| for the Ga-rich devices matches the degradation in 
DC gm well, but the reduction in |S21| for the NH3-rich devices is much larger than the DC gm 
degradation (<2%). The proton irradiation also influences the frequency limit of operation, especially 
for the NH3-rich devices, as we will discuss below. Note that, up to ~ 3 GHz, NH3-rich devices show 
superior RF performance before and after irradiation. Above ~3 GHz, the Ga-rich devices exhibit 
superior performance (Fig. 3-7).  
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(b) 
Fig. 3-7 Changes in S21 as a function of frequency for (a) Ga-rich and (b) NH3-rich 
devices. (after [117]) 
 
Fig. 3-8 plots |h21| as a function of proton fluence and gate bias. For Ga-rich devices (Fig. 3-8(a)) at 
all fluence levels, |h21| does not shift significantly, after correcting for the changes in the pinch-off 
voltage, consistent with the DC gm vs. VG - Vpinch-off response shown in Fig. 3-3(a). The average value of 
|h21| over the full voltage range drops by 1 dB (decrease of ~ 11% in output signal) at 10
14
 protons/cm
2
. 
The degradation in |h21| is a little bit larger than the corresponding decreases in DC parameters in Figs. 
3-3(a) and 3-4(a). In Fig. 6(b), the |h21| curve for NH3-rich devices is translated negatively, as referred 
to the pinch-off voltage, matching the behavior of DC transconductance in Fig. 3-4(b) well. However, 
the average loss of |h21| is around 2 dB (decrease of ~ 21% in output signal) at a fluence of 10
14
 
protons/cm
2
. The maximum loss reaches 3.5 dB (decrease of ~ 34% in output signal), which is much 
larger than the degradation in DC performance for these devices.  
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(b) 
Fig. 3-8 Small-signal current gain before and after proton irradiation, measured at Vd = 5 
V and f =1 GHz. (after [117]) 
 
The cutoff frequency fT is the point where the current gain |h21| drops to unity. The maximum 
oscillation frequency fmax is extracted from Mason’s unilateral gain [94]. Both fT and fmax depend 
strongly on bias voltage and current, so we have characterized these parameters as a function 
of G pinch offV V  , as shown in Figs. 3-9 and 3-10. The peak fT values are ~ 12 GHz and ~ 11 GHz, for 
the Ga-rich and NH3-rich devices, respectively, before proton irradiation. After irradiation, the peak 
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cutoff frequency decreases by 8% for Ga-rich devices and 9% for NH3-rich devices (Fig. 3-9). The 
peak fmax is around 10 GHz for both types of devices, and decreases by 8% for Ga-rich devices and 
10% for NH3-rich devices after proton irradiation, as shown in Figs. 3-10(a) and (b), respectively. 
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(b) 
Fig. 3-9 Cutoff frequency fT before and after proton irradiation, measured at Vd = 5 V. 
(after [117]) 
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(b) 
Fig. 3-10 Maximum oscillation frequency (fmax) of AlGaN/GaN HEMTs as a function of 
gate bias before and after proton irradiation, measured at Vd = 5 V. (after [117]) 
 
The frequency limit for the devices under study is approximately 10 GHz, as observed from small 
signal measurements. The small signal gains degrade after high-fluence proton irradiation. The 
degradation values measured via DC and small signal AC measurements are summarized in Table 3-1. 
 
Table 3-1. DC and AC degradation for Ga-rich and NH3-rich devices after proton 
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irradiation to 10
14
/cm
2
. |S21|, |S21|
2
, and H21 are measured at f = 1 GHz, Vds = 5 V. Frequency 
limits are measured at Vds = 5 V. (after [117]) 
 Ga-rich NH3-rich 
peak gm 7.5% 3.5% 
|S21| 7.8% 8.8% 
|S21|
2
(power gain) 15% 17% 
H21 (current gain) 11% 21% 
average fT 8% 9% 
average fmax 8% 10% 
 
Because the non-ionizing energy loss of 1.8-MeV protons is much higher than that of the 
higher-energy protons that typically result in the degradation in space systems [43][95][96], the 
equivalent displacement damage doses in this study are quite high compared with most realistic space 
environments. Thus, both types of devices would exhibit excellent radiation tolerance in nearly any 
realistic space environment. For operation at frequencies from DC up to ~ 3 GHz, the NH3-rich devices 
show clearly superior performance to the Ga-rich devices. However, at higher frequencies, the Ga-rich 
devices can provide superior performance. The RF performance of each type of device degrades more 
than the DC performance, especially for the NH3-rich devices. 
The greater RF degradation results from fast bulk and surface traps under the gate and in the 
gate/drain access region that can lead to gate lag, increased channel resistance, and increased device 
capacitance in AlGaN/GaN HEMTs [19], [97], [98]. The NH3-rich devices, which naturally contain 
more hydrogen-related defects with low energy levels (≤ 0.3 eV) [38],[86],[99], show more RF 
degradation than the Ga-rich devices with fewer hydrogen-related defects. Thus, it is likely that the fast 
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traps in these devices are associated with the dehydrogenation of a defect-hydrogen complex 
[38],[44],[91], which is a common degradation mode in AlGaN/GaN HEMTs. However, future study is 
required to determine the microstructure of the particular defects that lead to the observed degradation 
in these particular devices.  
The cutoff frequency fT and fmax can be also be related to gm, but these parameters are also quite 
sensitive to changes in the resistance and capacitance of the device, as described via [99]: 
2 ( )
m
T
gd gs
g
f
C C


              
and 
max
2 ( ) / (2
T
i s g ds T g gd
f
f
R R R R f R C

   ）
  
Here Cgd and Cgs are the gate-drain and gate-source capacitances, and Ri, Rs, Rg and Rds are the 
resistances that correspond to input, source, gate, and drain-source, respectively. Because many of 
these parameters change significantly with irradiation, it is challenging to deconvolve the separate 
effects of individual parameters. Moreover, the changes in resistance and capacitance can lead to a 
significant impedance mismatch in an operating or testing circuit [89],[100]. However, device 
performance changes only modestly during high-fluence proton irradiation, so from a practical 
standpoint, these devices should continue to function with only slight degradation in any realistic space 
radiation environment. 
 
Conclusion 
 
In this chapter, proton-induced radiation effects in Ga-rich and NH3-rich MBE-grown 
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AlGaN/GaN HEMTs are investigated via DC and RF measurements. After proton irradiation, 
acceptor-like traps are created, causing a positive shift in pinch-off voltage and changes in DC 
transconductance over the full range of gate biases applied. Critical device RF parameters such as 
current gain, fT, and fmax, degrade more than DC gm or carrier mobility. Fast bulk and surface traps 
contribute more significantly to RF parametric degradation than DC parametric degradation as a result 
of gate lag, increased channel resistance, and increased device capacitance. The resulting changes in 
resistance and capacitance cause impedance mismatches that increase the measured degradation of 
HEMT RF response in circuit applications. The NH3-rich devices degrade more at RF frequencies than 
the Ga-rich devices, but show generally superior performance before and after irradiation up to ~ 3 
GHz. At higher frequencies of operation, the Ga-rich devices offer superior RF performance. 
The difference in RF responses between Ga-rich PAMBE and ammonia MBE devices is due to 
variations in fabrication process. The as-processed defects inside the devices can affect the radiation 
responses and reliability performance. By employing low frequency 1/f noise measurements, a deeper 
understanding of defects limiting device performances can be achieved, which will be discussed in the 
next chapter. 
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Chapter IV 
 
 Proton-induced defects Identification via Low Frequency 1/f Noise 
Measurement 
 
Introduction 
 
Low frequency 1/f noise can provide helpful information about the nature of the defects that limit 
the reliability of semiconductor devices. Temperature-dependent noise measurements were performed 
to provide helpful information on defect energy distributions. As the threshold voltage changes with 
temperature, the gate voltage is adjusted for a fixed increment from pinch-off voltage so that the 
electric fields remain approximately constant in the device. The drain-source bias is maintained at 0.15 
V. 
 
 Experiment Design & Setup  
 
 Low frequency 1/f noise is applied for a diagnose tool of radiation effects. After irradiated to 
target fluence levels with all pins ground, which is the same as described in Section III, DC 
measurements are taken on site. The device will be taken out of the Pelletron chamber and sent to the 
cryostat immediately. DC measurements will be taken again with all connections finished for noise 
measurement to check consistency. No significant changes are supposed to observe. The noise 
measurement is performed from 85 K to 445 K. Liquid nitrogen is used for cooling the system and 
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vacuum is required. Shielding and grounding need to be checked carefully as vacuum and grounding 
issues may introduce fluctuation to the results. The cryostat will assume reaching the target temperature 
with error range of +/- 0.3 degree. At each measurement, the noise signal is amplified by 200 times, 
sampled 4500 times and the floor is set to 110-17 (V2/Hz). Background noise is subtracted.  
 For temperature-dependent noise measurement, the noise is measured from 85 K to 445 K 
continuously (~8 hours), and during the cooling-down, consistency check will be performed at a few 
temperatures. No significant changes are observed due to potential annealing. Once noise measurement 
finish, the DUT will be sent back to the Pelletron chamber again for higher fluences if needed. 
  
Noise Spectrum of AlGaN/GaN HEMTs 
 
Fig. 4-1 plots the excess drain-voltage noise power spectral density SVd (corrected for background 
noise) for Ga-rich HEMTs at constant Vg –Vpinch-off = 2 V and Vd = 0.15 V as a function of frequency and 
temperature before and after exposure to a proton fluence of 1×10
14
 cm
-2
. The bias voltages are chosen 
to ensure the noise originates from the gated portion of the channel, with an approximately constant 
channel resistance [38],[92]. The noise varies approximately inversely with frequency in Fig. 4-1. The 
frequency exponent γ at room temperature is 1.08 ± 0.03 for the devices of Fig. 4-1, which is typical of 
values observed in previous studies of AlGaN/GaN HEMTs [38],[92],[101],[82]. 
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 (b) 
Fig. 4-1 Excess voltage noise power spectral density Sv as a function of frequency for 
Ga-rich HEMTs, at 100 K, 300 K and 400 K, (a) before and (b) after irradiation. Vg – Vpinch-off 
= 2 V, and Vd = 0.15 V. (after [91]) 
 
In Fig. 4-1(a) the noise magnitudes are similar at 100 K and 300 K before irradiation, and increase 
at a measurement temperature of 400 K. Fig. 4-1(b) shows that the noise magnitude after proton 
irradiation increases at a measurement temperature of 100 K; stays approximately the same at a 
42 
 
measurement temperature of 300 K, and decreases at a measurement temperature of 400 K. At different 
temperatures, the noise levels increase or decrease after irradiation. Hence, it is of interest to evaluate 
the temperature dependence of the noise in more detail, especially since it is possible to relate changes 
in the temperature dependence of the noise of many types of semiconductor devices to changes in their 
underlying defect densities and energy distributions [87],[92],[84].  
 
Temperature Dependence of Noise 
 
The low frequency noise is measured over the temperature range from 85 K to 450 K. These 
temperatures correspond to an energy window from 0.20 eV to 1.05 eV. Devices were biased with 
constant Vd = 0.15 V and Vg –Vpinch-off = 2 V as a function of temperature. The low frequency noise 
behavior can be quantitatively described by the Dutta-Horn model if the noise is due to random 
processes with thermally activated characteristics times [92],[84]. Assuming no new defects are 
generated or annealed during the measurement, the frequency and temperature dependence of the noise 
are related via: 
0
ln ( , )1
( , )=1- ( -1)
ln ( ) ln
VS TT
T

 



. 
Over the entire range of temperatures, for both Ga-rich and ammonia-rich devices, before and 
after proton irradiation, the experimental γ values fits the Dutta-Horn model well, as shown in Fig. 4-2. 
This suggests that the 1/f noise follows the Dutta-Horn model accurately [84],[101], which permits the 
association of features in the temperature dependence of the noise with changes in the defect-energy 
distribution D(E0). Here E0 is the energy barrier between two metastable charge states of a defect, 
calculated via 
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0 0=- ln ( )E kT   
Here k is the Boltzmann constant, T is the absolute temperature, ω = 2πf, and τ0 is the 
characteristic time for carrier-defect scattering. A typical value of τ0 for defects in GaN is ~3×10
-14
 s 
[92]. The defect-energy distribution D(E0) is related to the temperature dependence of the noise 
magnitude in Fig. 4-3 via 
0( ) ( , )VD E S T
kT

 . 
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(b) 
Fig. 4-2 Experimental and calculated frequency exponent of noise power spectral density 
as a function of temperature from 85 K to 450 K (a) before irradiation, (b) after a fluence of 
1×10
14 
cm
-2
. (after [91]) 
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(b) 
Fig. 4-3 Temperature-dependent noise measurements from 85 K to 450 K, before and 
after irradiation. Here Vg – Vpinch-off = 2 V, Vd = 0.15 V for (a) Ga-rich and (b) ammonia-rich 
HEMTs for f = 10 Hz. The energy scale on the upper x-axis is derived from the Dutta-Horn 
model of low-frequency noise. The statistical uncertainty in the noise measurements is 
approximately equal to the symbol size. Noise measurements were reproducible from run to 
run and from day to day on these devices. (after [91]) 
 
45 
 
For Ga-rich HEMTs in Fig. 4-3 (a), before irradiation, peaks are observed in the noise magnitude 
at ~90 K and ~400 K, with activation energies of ~ 0.2 eV and ~ 0.9 eV, respectively. The magnitude of 
the low-temperature peak increases with irradiation, while the high temperature peak decreases by a 
similar amount. In addition, a noise peak at ~ 0.5 eV is observed after proton irradiation. After a 
fluence of 1×10
14
 protons/cm
2
, this new peak decreases, and the 0.2 eV peak increases significantly. 
The 0.9 eV peak does not vary much with fluence. The changes in peaks show that the defect 
distribution in the Ga-rich devices changes substantially after proton irradiation. 
The NH3-rich HEMTs in Fig. 4-3(b) do not show changes in noise spectra as large as the Ga-rich 
devices. This is consistent with the smaller degradation in peak transconductance of the NH3-rich 
devices after proton irradiation (Fig. 3-3), as well as previous noise results obtained at room 
temperature [38]. 
 
Defect Identification 
 
We performed density functional calculations to investigate the atomic-scale mechanisms of the 
defect evolution for the Ga-rich devices in Fig. 4-3(a). We used a plane-wave basis and the formulation 
of density functional theory implemented in the VASP (Vienna ab-initio pseudo-potential) package 
[102]. The exchange-correlation potential was used in the form of the Perdew-Burke-Ernzerhof 
generalized gradient approximation [103]. Electron-core interactions were treated in the projector 
augmented wave method [104][105]. The supercell we employed for the calculations contained 64 N, 
45 Ga, and 19 Al atoms. The Brillouin zone was sampled with a 2 × 2 × 2 k-point grid (K is the wave 
number). All the atoms were relaxed until the self-consistent forces reached 0.05 eV/Å. For calculation 
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of the energy barriers, the nudged elastic band method [106] was used to find the saddle points. 
Using similar computational methods, it was shown in [92] that the low temperature peak (~ 0.2 eV) 
often observed in AlGaN/GaN noise is most likely due to an oxygen DX center; i.e., ON. We have 
found through extensive calculation, which included search among all possible geometric 
configurations of O and H atoms, that the 0.9 eV and 0.55 eV peaks observed in Fig. 4-3(a) are most 
likely associated with hydrogenated substitutional oxygen, i.e., ON-H defects, which are depicted 
schematically in Fig. 4-4. The calculations show that the energy barriers for the reconfiguration of the 
ON-H defect complexes are 1.0 and 0.5 eV for configurations I and II in Fig. 4-4(a), respectively. These 
barriers reflect the energy that is required for a hydrogen atom to move near a substitutional oxygen 
atom. If H is initially in configuration I, then energy of ~ 1 eV is required to move into configuration II. 
H in configuration II captures the electron. This process is equivalent to a 0/-1 charge state transition. 
However, if a negatively charged ON-H defect is in configuration II, then after releasing an electron, 
only 0.5 eV is necessary to switch to configuration I. 
 
(a) 
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(b) 
Fig. 4-4 Energy barriers as a function of O–N distance and defect configurations (I) and (II) 
of O –H (after [91]) 
 
During proton irradiation, a H atom can be removed from the ON-H. This occurs most easily via 
interaction of transporting holes with the ON-H, a process that is similar to what occurs in irradiated 
Si/SiO2 structures when a transporting H is near an O-H complex [107]. This reaction occurs with a 
low energy barrier, as illustrated in Fig. 4-4(a). These calculations demonstrate that the decreases in the 
0.9 eV defect peak and the increases in the 0.2 eV defect peak can be related to hydrogen removal from 
the ON-H complex (Fig. 4-4(a)). The resulting reactions reduce the ON-H density and increase the ON 
defect density, as shown in Fig. 4-4(b). The small peak near 0.55 eV in Fig. 4-3(a) is likely associated 
with a reverse transition from intermediate configuration of the ON-H complex, which is configuration 
II in Fig. 4-4(a). At larger fluences, the reductions in the 0.9 eV and 0.55 eV peaks are much smaller 
than the increase in the 0.2 eV peak, strongly suggesting that new low-energy defects are generated at 
the highest fluences. These newly created defects most likely are N vacancies [38],[92]. 
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Conclusion 
 
In this chapter, defect-related peaks are observed in the temperature dependence of 1/f noise at ~ 
0.2 eV, ~ 0.55 eV, and ~ 0.9 eV. On the basis of these measurements and density functional calculations, 
we have found that at small fluences, the decrease in magnitude of the ~ 0.9 eV peak and growth in 
magnitude of the ~ 0.2 eV peak are consistent with the dehydrogenation of an ON-H complex in the 
AlGaN layer, and a post-irradiation ~ 0.55 eV peak is likely due to the reconfiguration of the ON-H 
complex. At larger fluences, new defects appeared and gave rise to a rapid increase in the 0.2 eV peak. 
Less proton-induced degradation of peak transconductance was observed in ammonia-rich devices, and 
no significant changes in noise levels are observed with proton irradiation. 
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Chapter V 
 
High Field Stress and Long Term Reliability of AlGaN/GaN HEMTs 
 
Introduction 
 
GaN based HEMTs are very attractive for high-power, high-frequency applications. They are of 
great interest for RF power applications due to their high voltage stability [108][109]. However, in RF 
power applications, devices may operate at high electric fields and large channel currents. Despite 
excellent device performance, their long-term reliability, especially in RF applications, needs to be 
addressed [110][111]. Degradation during high-field stress can result from energetic-carrier scattering 
in the AlGaN barrier layer and/or the GaN buffer layer. The semi-ON bias condition is typically the 
worst case for hot-carrier stress [1], [14]-[17]. DC operating parameters that are affected by high-field 
stress include the saturation drain current IDsat, the maximum transconductance gm, and the threshold 
voltage VTH. RF gain is also reduced. 
In this chapter, we employ low-frequency 1/f noise measurements to investigate the nature of 
as-processed and stress-induced defects in AlGaN/GaN HEMTs fabricated via Ga-rich and 
ammonia-rich growth conditions. The devices are subjected to long-term DC electric stress at different 
drain biases. In addition to standard DC and RF measurements, low-frequency 1/f noise measurements 
are performed as a function of temperature [87[83][91][112][113], and density functional calculations 
(DFT) [44] [92] are employed to help understand the nature of the defects and resulting degradation. At 
high drain voltages, there is a large enhancement in low-frequency noise that is likely caused by first 
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the dehydrogenation of previously passivated defects, followed by the transport of charged interstitial 
defects and vacancies. This increase in noise is a precursor to device failure. 
 
Experiment Settings 
 
The DUTs were mounted and bonded in high-speed packages with RF connectors, as shown in 
Fig. 2-1 for maximizing the frequency response of the structure. Devices are placed in cryostat, setting 
at 300K, preventing potential heating during stress. The device/junction temperature is somehow higher 
than 300 K as the cooling pad is only touching the back of the high-speed package.  
Devices were stressed at different drain biases under semi-ON operating conditions, which lead to 
worst-case response in these devices [16]. DC measurements were taken with an Agilent B1505 
parametric analyzer. The RF performance was characterized from 100 MHz to 20 GHz using an Agilent 
N5245A network analyzer. Low frequency 1/f noise measurements were performed using the setup in 
Fig. 2-3, before and after irradiation, from 85 K to 450 K, referring to previous Chapter. 
 
DC and RF Characterization on High Field Effects 
 
Fig. 5-1 shows the RF power gain as a function of DC stress for Ga-rich PAMBE devices from 
UCSB. These AlGaN/GaN HEMTs were stressed in the semi-ON condition with Vgs = -2 V and Vds = 
20, 25, and 30 V for 24 hours, which is a sufficiently long period that the rate of degradation is reduced 
significantly from its initial rate. At each step of stress, the RF gain was measured at Vds = 5 V. The 
degradation in RF performance for a stress voltage of Vds = 20 V is small, and increases with stress 
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voltage and time. For a stress voltage Vds = 30 V, the gain falls to less than unity, indicating that the 
“critical” bias-stress voltage above which the device is no longer useful in RF applications [17] lies 
between ~25 V and ~30 V for these devices. 
 
 
Fig. 5-1 Small signal transducer gain as a function of frequency, measured at Vds = 5V 
with the gate voltage biased to achieve the best performance. The Ga-rich PAMBE devices 
from UCSB were subjected to DC stress at Vgs = -2V and Vds = 20 V, 25 V, and 30 V for 24 
hours. After 30 V stress, the device gain is less than unity. (after [83]) 
 
Fig. 5-2 shows the threshold voltage and transconductance as functions of time for different drain 
voltages applied during stress to the Ga-rich UCSB devices. The devices were stressed at a constant 
gate bias of -2 V, at a series of drain biases ranging from 5 V to 35 V with a step of 5 V. The stress 
period for each bias is approximately 11 hours, which is sufficiently long for degradation to reach 
approximate saturation at lower stress biases. The drain current under stress at Vgs = -2 V is around 50 
mA. As shown in Fig. 5-2(a), the threshold voltage is not significantly affected by 5 V stress, but then 
shifts negatively with increasing drain bias. The largest and fastest shifts occur at a drain bias of 10 V. 
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The amount of Vth shift is similar for other bias conditions, and the shift always reaches approximate 
saturation within the testing period. The negative shift in threshold voltage indicates a reduction in the 
number of acceptor-like traps, causing more electrons to fill the 2DEG, most likely as a result of hole 
trapping in the AlGaN and buffer layers [114]. 
The bias dependence of the peak transconductance is shown in Fig. 5-2(b). Unlike the threshold 
voltage, for which the rate of change is similar during each bias step, the transconductance degrades 
more rapidly with increasing drain bias above 20 V. At a drain bias of 35 V, the degradation does not 
saturate on the time scale of the experiments (11 hours). At stress levels above 20-25 V, the rate of 
degradation in transconductance is much greater than the rate of degradation in threshold voltage, 
suggesting that defects located in the gate-drain access region are strongly affecting the 
transconductance but only weakly affecting the threshold voltage [115][116]. The rapid degradation 
above 20 V is consistent with the RF degradation observed in Fig. 5-1. At higher stress voltages, the 
devices failed quickly and catastrophically. 
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Fig. 5-2 (a) Threshold voltage shift and (b) normalized peak transconductance 
degradation under a series of drain biases for Ga-rich PAMBE devices from UCSB. The 
transconductance is normalized to the peak transconductance of a fresh device. The gate bias 
is -2 V during the whole process. The drain bias starts from 5 V, with a step of 5 V. For each 
condition, devices are stressed for around 11 hours, which is sufficiently long for degradation 
to reach saturation at low biases. (after [83]) 
 
NH3-rich MBE devices from UCSB were stressed with a similar series of drain biases, ranging 
from Vds =15 V to 35 V, with a step of 5V (Fig. 5-3). The gate bias is constant at -2 V. The threshold 
voltage (Fig. 5-3(a)) shifts quickly at the beginning of stress, and reaches saturation more easily at 
higher bias, which is consistent with observations on Ga-rich devices. The threshold voltage shift is 
positive. The polarity of the Vth shift suggests different defects are generated for the NH3-rich devices 
than for the Ga-rich devices, consistent with expectations based on previous work [92]. The normalized 
peak transconductance drops rapidly at biases over 30 V (Fig. 5-3(b)). 
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(b) 
Fig. 5-3 (a) Threshold voltage shift and (b) normalized peak transconductance 
degradation under a series of voltage stresses on NH3-rich MBE devices from UCSB. The 
transconductance is normalized to the peak transconductance of a fresh device. The gate bias 
is constantly at -2 V. The drain bias starts from 15 V, with a step of 5 V. For each condition, 
devices are stressed for around 11 hours, which is sufficiently long for degradation to reach 
saturation at low biases. (after [83]) 
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Low Frequency Noise vs. Temperature 
 
Low frequency 1/f noise measurements are employed to provide insight into the mechanisms of 
defect formation. The excess voltage noise power spectral density SVD (corrected for background noise) 
for both type of HEMTs from UCSB is measured at constant Vg –Vpinch-off = 2 V and Vd = 0.1 V as a 
function of frequency, after each period of stress discussed above. The bias voltages are chosen to 
ensure the noise originates primarily from the gated portion of the channel, with an approximately 
constant channel resistance [92]. Fig. 5-4 shows sample curves of low frequency noise of Ga-rich 
PAMBE devices before and after stress, showing different magnitudes and frequency-dependences at 
100, 300, and 400 K.  
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Fig. 5-4 Excess voltage noise power spectral density SVD vs. frequency, at 100 K, 300 K 
and 400 K before and after stress for Ga-rich PAMBE devices from UCSB. The noise is 
measured in the linear region of device response, with Vds = 0.1 V and Vgs-Vth = 2 V. (after 
[83]) 
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The Dutta-Horn model check is performed for all the devices before and after stress, with sample 
curves shown in Fig 5-5. The experimental data follow the Dutta-Horn model calculation accurately 
over the entire temperature region, indicating the noise is due to random processes with thermally 
activated characteristic times. The accurate fitting of Dutta-Horn model allows us to estimate the shape 
of defect energy distributions from the low-frequency noise measurements [44]. 
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Fig. 5-5 Dutta-Horn analysis on unstressed Ga-rich PAMBE UCSB devices; similarly 
good correlations between measured and predicted values are observed for stressed devices 
(not shown). (after [83]) 
 
Fig 5-6 shows the temperature dependence of the noise of Ga-rich PAMBE devices measured at 
10 Hz. The y-axis shows (ω/kT)*SV, which is proportional to the defect-energy distribution D(E0). The 
temperature range (bottom x-axis) then corresponds to an activation energy scale ranging from 0.2 eV 
to 1.04 eV (top x-axis). 
Fig 5-6 clearly shows an increase in the noise with increasing stress. Before stress, the noise peaks 
at 80 K and 350 K. During stress, three defect peaks grow at ~ 80 K, ~ 220 K, and ~ 350 K, with the 
greatest increase in post-stress noise occurring for the 220 K peak. After 20 V stress, a large increase in 
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the 0.2 eV peak is observed, along with a small peak near 0.6 eV. A large peak at ~ 0.52 eV grows at 
higher stress levels. Another small peak appears at 0.8 eV. The growth of these noise peaks is 
associated with corresponding DC/RF degradation (Figs. 5-1, 5-2, 5-3). Peaks at ~0.5 eV to 0.6 eV are 
especially common in AlGaN/GaN structures [117][118], and have been recently identified with 
FeGa-VN complexes in the GaN buffer layer [119]. After 35 V stress, the noise increases significantly 
over the entire range of temperatures, indicating the generation of many defects with energies that are 
more evenly distributed throughout the band gap. 
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Fig. 5-6 Temperature dependent noise measurements from 85 K to 450 K, at f = 10 Hz 
for Ga-rich PAMBE UCSB devices. The noise is measured under the same conditions as in 
Fig. 5. The temperature range corresponds to an activation energy scale ranging from 0.2 eV 
to 1.04 eV (top x-axis). The concentration of defects increased significantly at energy levels 
of 0.25, 0.5 and 0.8 eV, when the device is stressed at Vd  = 25-30 V. (after [83]) 
 
The temperature dependence of the low frequency noise of ammonia MBE devices is shown in Fig. 
5-7. Unlike the Ga-rich devices, there are no clear noise peaks in fresh devices, and the noise levels are 
comparatively lower. Moreover, no significant change is observed in noise magnitude before 30 V bias 
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is applied, indicating improved device stability for the NH3-rich UCSB devices, compared to the 
Ga-rich devices. The noise level increases rapidly when 30 V stress is applied, for the whole range of 
temperatures. The three peaks at ~80 K, 220 K, and ~ 350 K are also observed in NH3-rich devices, 
indicating a similar defect activation mechanism after stress as for the Ga-rich devices. Limited by 
fabrication yielding, most DUTs cannot perform properly (e.g. short or open gate, very large off 
leakage) after stressed at 35 V. Very few devices showing acceptable IV characteristics show very high 
noise levels after stress at 35V, increased to 10 times as large as that of fresh devices, indicating 
significant degradation, consistent with the transconductance degradation in Fig. 5-3(b). Again, at 
higher drain voltages, the devices failed catastrophically. 
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Fig. 5-7 Temperature dependent noise measurement of NH3-rich UCSB devices, from 85 
K to 450 K, at f = 10 Hz. The noise is measured under the same conditions as in Fig. 7. 
Compared to Ga-rich devices, the initial noise level is much lower. The concentration of 
defects increased at similar energy levels (0.25, 0.5 and 0.8 eV) at bias voltages of Vgs = -2 V 
and Vd ≈ 30-35 V. (after [83]) 
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For comparison of the degradation of the UCSB devices with industrial devices, high-field stress 
was also applied to commercial GaN HEMTs from Qorvo. Inc. [118]. These parts were stressed in the 
semi-ON condition (Vds=25 V and Vgs=-1.5 V) for 16 hours until the rate of degradation is significantly 
reduced (Fig. 5-8(a)). The threshold voltage shift is 0.16 V and the peak transconductance dropped by 
8%. Compared to the UCSB devices whose results are shown above, these commercial parts show 
larger threshold voltage shifts but much less transconductance degradation. This suggests that the two 
types of devices, not surprisingly, contain different types of defects, leading to different responses to 
high-field stress. The temperature dependence of the low frequency noise of the Qorvo devices in Fig. 
5-8(b) shows as-processed defect peaks at 0.7 eV. After semi-ON stress, the defect peaks at 0.2 eV and 
0.7 eV increase, confirming that the defects in the Qorvo devices differ in density and energy from both 
the Ga-rich PAMBE and NH3-rich MBE UCSB devices [119]. 
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(b) 
Fig. 5-8 (a) Threshold-voltage shifts and transconductance degradation and (b) 
temperature-dependent noise measurements on Qorvo devices after high-field stress. (After 
[118].) (after [83]) 
 
Defect Identification 
 
To identify the defects responsible for the peaks in energy distribution described in Fig. 5-6 and 5-7, 
we employ density-functional-theory (DFT) to perform quantum-mechanical calculations of impurities 
and native defects. Defects are introduced during growth and often are initially passivated by hydrogen. 
During high-field stress, hot electrons can depassivate the defects. Along with the overall increase of 
the noise level, three noise peaks appear at ~0.2, ~0.5, and ~0.8 eV in the UCSB devices. The 0.2 eV 
peak is prominent in unstressed devices, with the ~0.5 eV and 0.8 eV peaks growing in size after 
high-voltage stress. Unstressed GaN HEMTs from Qorvo exhibit peaks at ~0.2 eV and ~0.7 eV before 
stress; these peaks each increase after semi-ON stress. 
We attribute the growth of the ~0.2 eV peak for the two types of devices at lower stress levels to 
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stress-induced dehydrogenation of an ON-H complex [91]. A substitutional oxygen impurity at a 
nitrogen site, ON, has two equilibrium positions: one for a neutral charge state and another for a 
positively charged state. The energy barrier of an O atom moving from one position to another is 0.2 eV. 
Overcoming this barrier leads to a change in charge state, which accounts for the lowest-energy peak in 
the noise measurements. This peak was also observed in previous proton irradiation studies of similar 
devices [91]. At higher stress levels, an increase in the density of N vacancy-related defects is also 
likely; the defects also have a charge transition level near ~ 0.2 eV [92][91]. 
 We attribute the observed broad peak in the noise data at ~ 0.52 eV to hydrogenated divacancies 
and iron impurity complexes. Hydrogenated divacancies (VGa-VN-Hx), have charge transition energy 
levels ~0.4-0.6 eV below the conduction-band edge, as shown in Fig. 5-9 [119][119]. The position of 
the Fermi level is ~ 0.4 eV below the GaN conduction band, so that the defect levels are accessible to 
electrons. Another defect complex contributing to this peak is FeGa-VN-H, which upon dehydrogenation 
results in FeGa-VN, as shown in Fig. 5-10. This complex has an electron energy level that is ~ 0.5 eV 
below the conduction band edge. The initial concentration of precursor defects responsible for the 
increase in this level in the case of Ga-rich growth (Fig. 5-6), as compared with NH3 rich growth (Fig. 
5-7), is higher due to the lower formation energy of N vacancies during Ga-rich growth than during 
NH3-rich growth. This lowers the formation energy of the FeGa-VN-H defect complex. Complete 
dehydrogenation of Fe impurity complexes results in a negative threshold voltage shift [119], 
consistent with the Ga-rich devices of Figs. 5-2(a) and 5-6, while complete dehydrogenation of 
divacancy complexes causes a positive threshold-voltage shift [92][120], consistent with the NH3-rich 
devices of Figs. 5-5(a) and 5-7. This suggests that densities of FeGa-VN impurity complexes are greater 
for the Ga-rich devices, but less for the NH3-rich devices, than densities of the divacancy defects. 
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Fig. 5-9 Hydrogenated divacancy formation energies in Ga-rich GaN is plotted as a 
function of Fermi level. The charge transition levels are at 0.4-0.6 eV below the GaN 
conduction band. (After [121].) 
 
 
Fig. 5-10 Atomic structure of Fe-VN defect complex in GaN. Fe is shown as a larger 
brown atom. The position of the missing N atom is marked by a red circle. (After [120].) 
 
The noise data for the Qorvo devices in Fig. 5-8(b) exhibit significant increases in the ~0.2 eV and 
~0.7 eV peaks after semi-ON stress. The threshold voltage shift, shown in Fig. 5-8(a), indicates that the 
response of the Qorvo devices is qualitatively consistent with that of ammonia-rich MBE devices from 
UCSB, for which the concentrations of VGa and NGa are higher due to lower formation energies, 
compared to the Ga-rich PAMBE devices. Thus, we attribute the increases in the 0.7 eV defect level in 
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the Qorvo devices to hydrogen removal from the hydrogenated antisite NGa-Hx, x=1~3, defects. Antisite 
NGa–H3 defects, passivated by three hydrogen atoms, are shown in Fig. 5-11(a) [122]. Additional 
results for Qorvo devices exposed to a combination of high-field stress and proton irradiation are 
shown in [122].  
 
 
(a)       (b) 
Fig. 5-11 Atomic structure of hydrogenated a) nitrogen antisite NGa-H3 and b) 
hydrogenated substitutional ON-VGa complexes in GaN. (After [122].) 
 
The increase in the broad peak at ~0.8 eV during stress for the UCSB devices is caused by two 
factors. One is the energy barrier of ~0.9 eV for H migration within an ON-H complex [91]. The H 
atom remains within the ON-H complex due to a relatively high barrier of ~2.0 eV for H atom removal 
[123]. We also note that the migration barrier of VGa is ~1 eV in the absence of an electric field [121]. 
This barrier is lowered in the presence of an electric field, due to the high charge states of the migrating 
defects, in particular, [VGa]
-3
 [124], causing an increase in the concentration of VGa-ON-H defects, 
shown in Fig. 13b. Since the charge transition state of the VGa-ON-H defect is ~ 0.7 eV, the increase of 
its concentration increases the magnitude and broadens the observed noise peak. 
The larger overall increase of the noise in the NH3-rich UCSB devices at very high voltages is 
caused by a higher concentration of hydrogenated precursor defects due to higher H concentrations in 
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the as-processed devices. The very large increase in noise at the highest stress levels is most likely due 
to the nearly complete dehydrogenation of initially passivated defect sites, leading to a significant 
increase in interface-trap density, and a corresponding large increase in low-frequency noise magnitude 
at all temperatures. Following the dehydrogenation of defects, many become charged and are able to 
transport at high electric fields, leading to large and irreversible device degradation. The appearance of 
greatly enhanced low-frequency noise at the highest drain voltages (i.e., the 35 V curve in Fig. 5-6 and 
the 30 V and 35 V curves in Fig. 5-7) is clearly an early warning sign that the device is approaching 
catastrophic failure[112], [113]. 
 
Conclusions 
 
In this chapter, the microstructures of reliability limiting defects in AlGaN/GaN HEMTs have 
been identified. Before stress, hydrogen-passivated Fe and O complexes contribute significantly to the 
noise and relability degradation in the UCSB devices, and hydrogenated antisite NGa-Hx, x=1~3, and 
VGa-ON-H defects contribute to the noise and reliability degradation of Qorvo devices. With increasing 
stress, all of these complexes increasingly are dehydrogenated, leading to large increases in noise and 
trap density. The sequential process of (1) defect dehydrogenation, (2) defect charging, and (3) defect 
transport ultimately leads to failure of the device under high-field stress conditions. Reducing the 
densities of anti-site defects, as well as Fe and O related defects, in AlGaN/GaN HEMTs should 
therefore greatly improve their reliability. A significant increase in low-frequency noise is observed 
before device catastrophic failure, suggesting that low-frequency noise measurements could provide a 
useful screen for stress-induced degradation in AlGaN/GaN HEMTs. 
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In the next chapter, we will investigate the high field effects together with radiation exposure, 
obtaining potential failure mechanisms for high field space applications. 
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Chapter VI 
 
Effects of Applied Bias and High Field Stress on the Radiation Response of 
AlGaN/GaN HEMTs 
 
Introduction 
 
In Chapter III and IV, proton irradiation of AlGaN/GaN HEMTs is studied similarly with all pins 
grounded on devices that have not been subjected to high field stress [33][38][117][126]. In Chapter V, 
devices are subjected to a series of high field, under which hot-carrier effects can limit the long-term 
reliability of GaN HEMTs, particularly for applications under high voltage/field operation [1][16][126]. 
However, for practical space applications, it is more likely that high field and radiation exposure can 
affect the devices at the same time. Thus, it is of great interest not to consider these two effects 
separately, but together.  
In this chapter, the effects of gate bias during irradiation and the combined effects of 1.8 MeV 
proton irradiation and hot-carrier stress are investigated. The sensitivity of the devices to proton 
irradiation increases significantly when the devices are biased during irradiation and/or high-field stress 
is applied before the proton exposure. We have performed low-frequency 1/f noise measurements 
[81][82][113] and density functional theory (DFT) calculations [44][92] to help understand the nature 
of the defects in these devices. DFT calculations show that the observed irradiation and electric field 
response in the noise spectrum are consistent with the presence of N vacancy-related defects and 
hydrogenated ON, NGa, and/or VGa-ON complexes in the AlGaN and/or GaN layers. 
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Experiment Settings 
 
The GaN HEMTs under study are fabricated by Qorvo, Inc. [127][128]. One group (A) of devices 
was subjected to hot carrier stress, and then irradiated with 1.8 MeV protons to a fluence of 10
13
/cm
2
 
using the Vanderbilt Pelletron. Another group (B) was irradiated to the same fluence and then 
electrically stressed. Previous work reported that semi-ON bias usually leads to the largest hot carrier 
degradation in HEMTs [1][17][98]. This is confirmed for the devices considered here in Fig. 6-1 below. 
Thus, the semi-ON condition (Vds = 25 V and Vg = -2 V) was used for the combined irradiation/stress 
experiments in this work.  
During irradiation, devices were biased in three different conditions that are frequently used in RF 
applications: 1) GND (Vds = 0 V and Vg = 0 V), 2) OFF (Vds = 25 V and Vg = -7 V), and 3) semi-ON 
(Vds = 25 V and Vg = -2 V). Before and after stress/irradiation, DC measurements were obtained with an 
Agilent B1505 parametric analyzer. The peak transconductance is the maximum first derivative (slope) 
point of the Id-Vg curves; the threshold voltage reported below is the gate-voltage axis intercept of the 
linear extrapolation of the Id-Vg curve at that point [117][129]. In order to characterize the defects 
created during the irradiation, low frequency 1/f noise measurements were also performed from 85 K to 
445 K. At least three devices were tested in each bias condition. 
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(b) 
Fig. 6-1 (a) VTH shift and (b) normalized peak transconductance of AlGaN/GaN HEMTs 
as a function of hot carrier stress time, for biases of Vds = 25 V and Vg = -2 V. DC 
characterization was performed with Vds = 5 V. ON-state stress results are also shown for 
comparison. (after [122]) 
 
Combined Radiation and High Field Effects 
 
A. Hot carrier effects (unirradiated devices) 
The hot carrier response of the devices stressed in the semi-ON condition is shown in Fig. 6-1. 
The degradation increases monotonically, with a maximum positive threshold voltage shift of 0.15 
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V and a peak transconductance reduction of 8%. Error bars represent the standard deviations of the 
responses of 5 identical devices. In the semi-ON condition [1], hot electrons can dehydrogenate 
point defects via single scattering events or by multiple vibrational excitations [126]. Some 
electrons in the channel can also gain sufficient energy from the high field to be injected into the 
AlGaN layer and generate new traps in the buffer layer [114]. The dehydrogenation of previously 
passivated defects and the generation of traps during high-field stress cause threshold voltage shifts, 
mobility degradation, and increased low-frequency noise [1],[17][44] [92],[98][91], [114],[127]- 
[129]. 
B. Radiation response (unstressed devices) 
The threshold voltage shift and peak transconductance reduction are plotted as functions of proton 
fluence (Fig. 6-2). A fluence of 10
13
 protons/cm
2
 was reached after 0.83 h at a constant flux (top 
x-axis). Results for hot carrier stress applied for equivalent time periods are also shown for 
comparison. The threshold voltage shifts are strongly bias dependent, and positive under all 
conditions. This indicates that both proton irradiation and high-field stress create deep 
acceptor-like traps, which are negatively-charged when occupied [38][91].  
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Fig. 6-2 (a) VTH shift and (b) normalized peak transconductance for AlGaN/GaN HEMTs 
as a function of proton fluence, for Vds = 25 V and Vg = -2 V. Vds = 5 V during measurement. 
The hot carrier stress data (no irradiation) are from Fig. 6-1. (after [122]) 
 
When irradiated under GND and OFF biases, the shift in threshold voltage is less than 0.05 V and 
the peak transconductance drops by 5%. In contrast, devices degrade strongly when irradiated in 
the semi-ON condition, which is clearly the worst-case bias condition for these devices. Hot carrier 
stress without irradiation leads to much smaller threshold voltage shifts (less than ~ 0.05 V for 
these experimental conditions) and transconductance degradation (6%) than simultaneous 
irradiation and stress, for which the threshold voltage shift is 0.25 V and the transconductance 
degradation is 20%. 
 
C. Combined high-field stress and proton irradiation 
Fig. 6-3 shows a comparison of all results from devices in Groups A (irradiation after high-field 
stress) and B (high-field stress after irradiation). Group A devices were first subjected to semi-ON 
stress for 16 h (left panel in Fig. 6-3) and then irradiated to a fluence of 10
13
 protons/cm
2
 in 50 min 
(middle panel in Fig. 6-3). Group B devices were first irradiated to a fluence of 10
13
 protons/cm
2
 in 
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50 min (middle panel in Fig. 6-3) and then stressed for 16 h without irradiation (right panel in Fig. 
6-3). Irradiations for both groups were performed under GND, OFF, and semi-ON bias conditions. 
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(b) 
Fig. 6-3 Comparison of combined irradiation and high field stress effects. (a) VTH shift 
and (b) normalized peak transconductance of AlGaN/GaN HEMTs as a function of time 
during high field stress (left and right panels) and/or proton irradiation (middle panel). The 
worst case set of devices (blue) are first stressed and then irradiated for biases of Vds = 25 V 
and Vg = -2 V. DC characterizations were performed at Vds = 5 V. (after [122]) 
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For Group A devices in Fig. 6-3, the largest degradation is observed when they are first stressed 
for 16 h and then irradiated while maintaining gate and drain biases that correspond to the semi-ON 
condition. These combined high-field stress and proton exposures produce a 0.7 V shift in threshold 
voltage and 32% degradation in peak transconductance at the conclusion of the stressing and irradiation 
sequence. The VTH shift during the irradiation portion of the sequence is ~ 0.5 V. For Group B devices 
that were not stressed before irradiation, the semi-ON bias condition is again worst case for radiation 
exposure, but the VTH shift during irradiation in this case was only ~ 0.2 V. After the irradiation and 
subsequent high-field stress sequence, Group B devices showed the largest threshold voltage shift (0.35 
V) and transconductance degradation (22%) when irradiated and stressed under the semi-ON bias 
condition. These results show that both the bias during irradiation and the application of high-field 
stress before radiation exposure can significantly increase the sensitivity of AlGaN/GaN HEMTs to 
proton-induced radiation damage. Because the non-ionizing energy loss of 1.8-MeV protons is much 
higher than that of the higher-energy protons that typically result in the degradation in space systems 
[41][43], the equivalent displacement damage doses in this study are quite high compared with most 
realistic space environments [96]. Moreover, both Group A and Group B devices show relatively 
modest degradation in peak transconductance when compared with previous work on 
development-stage devices [1],[2],[16][17] [37]-[38],[98]-[91],[108],[117],[126]. Thus, it is reasonable 
to expect these devices to function well in most space applications. 
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Noise Diagnosis: Biased Irradiation 
 
To obtain insight into the defects responsible for the degradation during irradiation and/or high 
field stress, we measured the excess drain-voltage noise power spectral density SV (corrected for 
background noise) for AlGaN/GaN HEMTs at constant Vg –VTH = 0.4 V and Vd = 0.03 V as a function 
of frequency and temperature before and after stress/irradiation. The bias voltages are chosen to ensure 
that the noise originates from the gated portion of the channel, with an approximately constant channel 
resistance [38]. The experimental data fits the Dutta Horn model perfectly before and after 
stress/irradiation, with the frequency exponent ranging from 0.7~1.4 (Fig 6-4). 
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Fig. 6-4 Experimental and calculated frequency exponent of noise power spectral density 
as a function of temperature from 85 K to 445 K. (after [122]) 
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Figs. 6-5 to Fig 6-7 show normalized noise magnitudes for Group A and B devices irradiated in the 
GND, OFF, and Semi-ON bias conditions, respectively. For each figure, (a) represents stress followed 
by irradiation, and (b) represents irradiation and then stress. The top x-axis represents the 
corresponding activation energy Eo from 0.2 eV to 1 eV, calculated from the Dutta-Horn model. The 
y-axis is proportional to the defect-energy distribution. For these devices before irradiation or stress, a 
large peak in noise magnitude at ~ 0.7 eV is observed, indicating that these particular defects are 
present in as-processed devices [130][131].  
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Fig. 6-5 Temperature-dependent noise measurements from 85 K to 445 K, for GND state 
irradiation (a) after and (b) before semi-on stress. Here Vg – Vthreshold = 0.4 V, Vd = 0.03 V at f = 
10 Hz. The energy scale on the upper x-axis is derived from the Dutta-Horn model of 
low-frequency noise. Noise measurements were reproducible from run to run and from day to 
day on these devices. The statistical uncertainty in the noise measurements is approximately 
equal to the symbol size. Fluences are quoted in protons/cm
2
. (after [122]) 
 
Fig 6-5 and Fig 6-6 show that the ~ 0.2 eV peak increases more with GND-state or OFF-state 
proton irradiation [92],[91] than with high-field stress. Moreover, for these bias and irradiation 
conditions, a relatively smaller increase is observed in the ~ 0.7 eV peak. Though the orders of 
irradiation and stress are reversed in Figs. 6-5(a) and (b), similar changes in noise magnitudes are 
observed. This result is consistent with the DC degradation for Group A and B devices irradiated under 
GND-state or OFF-state bias conditions in Fig. 6-3, where similar threshold voltage shifts and 
transconductance degradation are also observed. 
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(b) 
Fig. 6-6 Temperature-dependent noise measurements from 85 K to 445 K, for OFF state 
irradiation (a) after and (b) before semi-on stress. (after [122]) 
 
The largest increase in noise, similar to the worst-case degradation in Fig. 6-3, occurs when devices 
are irradiated under semi-ON bias, as shown in Fig. 6-7. For devices that were first stressed and then 
irradiated under semi-ON bias (Fig. 6-7(a), top curve), the noise shows a significant increase over the 
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entire range of energies, not only near 0.2 eV, but also near 0.7 eV. For comparison, irradiation under 
semi-ON bias (Fig. 6-7(b)), without prior high field stress, only leads to increases near 0.2 eV, with 
little increase of the ~ 0.7 eV defect peak during post-irradiation stress. Again, these results are 
consistent with trends in threshold voltage shifts and transconductance degradation in Fig. 6-3. This 
strongly suggests that the increased noise is caused by increases in densities of the defects that are 
limiting the performance, reliability, and radiation response of these devices. The noise for the highest 
fluence exposures also shows an overall increase in magnitude at all energy levels, indicating the 
generation of other defects with energies that are more evenly distributed throughout the band gap. But 
the ~ 0.2 eV and ~ 0.7 eV defects remain the dominant trapping centers in these devices, through all 
irradiation and stress conditions. 
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(b) 
Fig. 6-7 Temperature-dependent noise measurements from 85 K to 445 K, for semi-ON 
state irradiation (a) after and (b) before semi-ON stress (Vds = 25 V and Vg = -2 V). (after 
[122]) 
 
Identification of Dominating Defects 
 
We now discuss the nature of the defects that lead to the largest effects on the charge trapping, 
transconductance degradation, and low-frequency noise in these devices. While other defects are 
clearly present at other energies, the most prominent defect levels are those at Ec-0.2 eV and Ec-0.7 eV. 
Defects at these energy levels were observed and denoted as D and Ax centers by Fang et al. in [132]. 
Experiments described by Arehart et al. demonstrated that the ~ 0.2 eV level in GaN decreases with 
increasing NH3/Ga flux ratio during growth, but the ~ 0.7 eV level increases [131]. Recent studies of 
n-type GaN devices by Zhang et al. show that 1.8 MeV proton irradiation at fluences up to 1.1×10
13
 
cm
-2
 can also lead to an increase in the ~ 0.7 eV level [130]. Based on these and other past studies of 
the dependencies of the trap densities on growth conditions, impurities, and/or radiation exposure 
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[130]-[135], the Ec-0.2 eV level has been associated with nitrogen vacancy-related defects. In recent 
publications [92][91] we combined density functional theory (DFT) calculations with experimental 
data to associate the ~ 0.2 eV level in Fig. 6 with a combination of two centers: one is a nitrogen 
vacancy, VN, in GaN which has a charge state transition level at ~ 0.25 eV [44], and the other is an 
oxygen impurity, ON, in AlGaN, characterized by a configurational transition with an accompanying 
change in charge state that occurs at ~ 0.2 eV [91]. These defects are illustrated schematically in Fig. 
6-8. The contribution of the VN related peak increases during proton irradiation to high fluences 
because additional nitrogen vacancies are introduced into the GaN [44],[92], ,[136]-[138], and because 
H atoms can be liberated from ON-H centers[92]s. Figs. 6-5 to 6-7 strongly suggest that these increases 
in the ~ 0.2 eV trap level do not depend strongly on either the bias applied during proton irradiation or 
the presence or absence of high field stress before, during, or after proton irradiation, at least for the 
devices and experimental conditions of this study. 
 
 
Fig. 6-8 Atomic structure of the defects related to the ~ 0.2 eV noise peak. (a) The 
nitrogen vacancy position is highlighted by the red circle. (b) An oxygen atom (shown in red) 
reconfigures from its interstitial position A to the DX center position B, with energy levels 
separated by ~ 0.2 eV. (after [122]) 
 
In contrast to the ~ 0.2 eV trap level which is now relatively well understood, the physical nature 
of the defect(s) responsible for the ~ 0.7 eV level is(are) not yet known [130]-[136]. We have 
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performed DFT calculations to investigate the atomic-scale structure of this defect in AlGaN/GaN 
HEMT devices. Calculations were performed using density-functional theory with the 
gradient-corrected local-density approximation as implemented in the VASP code using standard 
techniques [102][105]. The plane wave basis energy cutoff was set at 348 eV. The hybrid functional 
HSE06 was used for calculations to reproduce the correct value of the band gap, which is underestimated 
in the local density approximation [137]. 
The shift in threshold voltage is positive, indicating that the majority of generated defects act as 
acceptors. A broad range of native defects and impurities, such as interstitials, divacancies, carbon, iron, 
and their complexes with vacancies and hydrogen, were considered as candidates for this center. The 
only relatively common defect occurring in as-grown GaN that appears to have both the appropriate 
charge state and energy level is the N antisite, NGa, shown in Fig. 6-9(a). This defect has the pertinent 
charge transition level 0/-1 calculated to be ~ 0.65 eV below the conduction band [138], which is 
within 10% of the observed trap level, consistent to within calculational uncertainties. Another possible 
candidate is a hydrogenated oxygen impurity that is complexed with a Ga vacancy, the VGa-ON-H, 
which is shown in Fig. 6-9(b). The charge states are consistent with the observed positive threshold 
voltage shift and this defect has the charge transition level of ~ 0.7 eV. Of these two defects, the NGa 
appears to be the most likely candidate in as-processed GaN, owing to its simplicity. 
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Fig. 6-9 Atomic structure of the defects potentially related to the previously unidentified 
~ 0.7 eV peak in GaN: (a) A nitrogen anti-site NGa, is highlighted by the red circle. (b) A 
hydrogenated ON complexed with a gallium vacancy H-ON-VGa in GaN is shown, where the 
circle shows the position of the missing Ga atom, and O is shown in red. (after [122]) 
 
The question remains: Why would the ~ 0.7 eV defect, if associated with NGa, increase during proton 
irradiation and/or high field stress? There are at least two possibilities. First, consistent with the 
behavior of ON in AlGaN [91], many substitutional impurity defects in GaN and AlGaN are initially 
hydrogenated. Proton irradiation and/or high-field stress can remove H atoms, thereby activating 
defects and/or changing energy levels [91]. The dehydrogenation process is enhanced during high-field 
stress [120]. Hence, the application of bias during proton irradiation may well increase the 
concentrations of activated NGa defects. Second, during high-field stress, it is known that N interstitials 
and Ga vacancies can become highly mobile in GaN and AlGaN [120]. Thus, it is quite possible that 
some existing or N interstitials newly created by proton irradiation may transport under bias and fill 
pre-existing Ga vacancy sites, thereby again increasing the active NGa density. This behavior would be 
consistent with the lack of significant growth in the ~ 0.7 eV trap level in Figs. 6-5 and 6-6, but 
significant growth in Fig. 6-7. However, more work is required to confirm these atomic scale 
mechanisms. 
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Association of at least a portion of the ~ 0.2 eV trap level with an oxygen DX center in AlGaN 
and the ~ 0.7 eV level with an N anti-site defect in GaN suggests that two of the dominant defects in 
AlGaN/GaN HEMTs are analogous to common defects in GaAs. The ON defect in AlGaN is similar in 
nature to the DX center in AlGaAs [139], and the NGa is analogous to the ubiquitous EL2 defect in 
GaAs, which is an arsenic anti-site defect [140]. While defect concentrations and energy levels are 
expected and observed to be different in the GaN and GaAs systems, the expected abundances and 
natures of the defects identified in this and previous work reinforce the plausibility of the defect 
identification. 
 
Radiation Hardness Assurance 
 
The hardness assurance implications of these results are straightforward and obvious. 
Characterization and qualification of AlGaN/GaN HEMTs for space applications simply must include 
biased irradiations as part of the testing matrix. Further, the results of Fig. 6-3 also strongly suggest that, 
at least during initial characterization of new technologies for space system use, combined reliability 
and radiation effects must be considered when attempting to assess and assure the performance, 
reliability, and radiation tolerance of space-based electronic systems. 
 
Conclusion 
 
In this chapter, we have investigated the combined effects of proton irradiation and hot carrier 
stress on GaN HEMTs. Devices irradiated in the semi-ON condition show greater threshold voltage 
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shifts and transconductance degradation than devices subjected to high field stress alone, or devices 
irradiated under grounded or OFF bias conditions. The worst case for combined effects is to stress the 
devices in the semi-ON condition and then irradiate the devices under the same bias conditions. Low 
frequency noise measurements identify prominent traps at ~ 0.2 eV and ~ 0.7 eV in these devices. 
Density functional theory calculations in this and previous work suggest that the ~ 0.2 eV peak is due 
to N vacancy-related defects in GaN and ON defects in AlGaN. Our work, in conjunction with previous 
experimental and theoretical studies, strongly suggests that the previously unidentified ~ 0.7 trap level 
in GaN is associated with a NGa defect. Finally, while these particular devices are expected to perform 
well in a typical space environment, these results demonstrate the importance of incorporating biased 
irradiations in AlGaN/GaN radiation hardness assurance testing, and of evaluating combined 
irradiation and high-stress field stress effects for AlGaN/GaN devices that are intended for use in 
space. 
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Chapter VII 
 
 Summary and Conclusions 
 
In this work, we have performed high field stress with or without radiation exposure on 
AlGaN/GaN HEMTs. Degradations via DC and RF measurements are characterized thoroughly after 
1.8 MeV proton/high field stress. We employed low frequency 1/f noise as a diagnostic tool to 
understand the nature of the defects that dominate the degradation. Density function theory calculations 
show the formation energy for the defect might be responsible for the degradation. The techniques used 
in identification of defects are not limited to GaN-based systems, and can be used in most 
semiconductor materials. 
When subjected to 1.8 MeV protons, a positive shift in pinch-off voltage is typically observed, 
with degradation in peak transconductance due to the generation of acceptor-like traps. Small signal RF 
gains degrade more significantly compared to DC parameters. Device variations are observed due to 
processing-dependent defects, which lead to more fast traps in ammonia MBE devices than Ga-rich 
PAMBE devices, which result in worse AC performance.  
The 1/f noise changes after irradiation at different temperatures, indicating possible changes in the 
defect distribution. The experimental noise data fit the Dutta-Horn model well, which enables us to 
translate the noise change to thermal transition between two charge states of the defect. Before 
irradiation, the device originally shows two peaks at 0.2 eV and 0.9 eV. After irradiation, the 0.9 eV 
peak decreased while the 0.2 eV peak increased. DFT calculations shows that this change is related to 
H atoms removed from an ON-H defect, and a new peak at 0.5 eV was found as an intermediate 
85 
 
configuration of the defect.  
When the devices are stressed at high electric field, hot carriers are generated. Unlike protons, hot 
electrons with much smaller energy do not generate defects but interact with pre-existing defects, like 
dehydrogenation of defects. The noise spectra before and after stress show similar features as that of 
proton irradiation, confirming that protons dehydrogenate ON-H defects during the irradiation. Before 
stress, hydrogen-passivated Fe and O complexes contribute significantly to the noise and relability 
degradation in the UCSB devices, and hydrogenated antisite NGa-Hx, x=1~3, and VGa-ON-H defects 
contribute to the noise and reliability degradation of Qorvo devices. With increasing stress, all of these 
complexes increasingly are dehydrogenated, leading to large increases in noise and trap density. The 
sequential process of (1) defect dehydrogenation, (2) defect charging, and (3) defect transport 
ultimately leads to failure of the device under high-field stress conditions. 
Biased irradiation experiments are also performed to examine the reliability of devices for space 
applications. Semi-ON bias before/during irradiation greatly enhanced the level of degradation. 
Characterization and qualification of AlGaN/GaN HEMTs for space applications simply must include 
biased irradiations as part of the testing matrix. Further, at least during initial characterization of new 
technologies for space system use, combined reliability and radiation effects must be considered when 
attempting to assess and assure the performance, reliability, and radiation tolerance of space-based 
electronic systems. 
In summary, we have used radiation and DC stress to understand the degradations in AlGaN/GaN 
HEMTs. The low frequency 1/f noise and density functional theory calculations helped to identify the 
defects that limit the performance of the devices. 
 
86 
 
REFERENCES 
 
[1]G. Meneghesso, G. Verzellesi, F. Danesin, F. Ramapazzo, F. Zanon, A. Tazzoli, M. Meneghini, and 
E. Zanoni, “Reliability of GaN high-electron-mobility transistors: State of the art and 
perspectives,” IEEE Trans. Device Materials Rel., vol, 8, pp. 332-343, 2008. 
[2]H. Kim, V. Tilak, B.M. Green, J.A. Smart, W.J. Schaff, J.R. Shealy andL.F. Eastmanet al., 
“Reliability evaluation of high power AlGaN/GaN HEMTs on SiC substrate,” Phys. Stat. Sol. A, 
vol. 188, no. 1, pp. 203–206, Nov. 2001. 
[3]U. Mishra, P. Parikh, and Y. Wu, “AlGaN/GaN HEMTs-an overview of device operation and 
applications,” Proceedings of the IEEE, vol. 90, no. 6, pp.1022-1031, Jun 2002. 
[4]M. A. Khan, A. Bhattarai, J. N. Kuznia, and D. T. Olson, “High electron mobility transistor based 
on a GaN-AlxGa1−xN heterojunction,” Applied Physics Letters, vol. 63, no. 9, pp. 1214-1215, 
1993. 
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